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Abstract 
Introduction. Thermal effect of fire on technical means is a common and serious problem. In this regard, it seems an 


urgent task to study physicochemical and thermal transformations in devices based on cadmium telluride during man- 
made or natural fires. For a number of materials, such studies have not been conducted, and the available results are 
insufficient or narrowly focused. The proposed article presents new data on the defect resistance and applicability of the 
material depending on the thermal effect. The work objective is to study the features of degradation under the influence 
of extreme temperatures to create new materials with specified properties. 

Materials and Methods. Cadmium telluride (CdTe) samples used in solar panels and detectors were studied. In the 
practical part of the work, the thermal effect on the sample of normal and extreme temperatures was evaluated, followed 
by the study of the material by transmission electron microscopy methods. The experiments simulated a zone of thermal 
impact of a fire. The computational and theoretical work consisted in improving the mathematical model of physical and 
chemical transformations and the evolution of defects under thermal influence up to 1092 °C. The mathematical model 
took into account the heat dose characteristic of uncontrolled combustion. The Maple software package was used to solve 
the equations. 

Results. The formation of defects in a CdTe sample at significantly different levels of thermal exposure was visualized. 
The lower limit was about 20 °C, the upper one was more than 600 °C. Transformations in CdTe control samples under 
the influence of temperatures up to 1092 °C with a step of 15 °C were worked out in detail. Point defects caused by the 
influence of temperature were presented as a factor of destruction of the material, and consequently, failures in the 
operation of the device. A system of equations was solved that takes into account a set of parameters: the frequency of 
vibrations of atoms in the lattice, temperature, concentrations of CdTe nodes, interstitial atoms and vacancies, migration 
and attachment of interstitial atoms and vacancies. The concentrations of vacancies and interstitial atoms in CdTe samples 
depending on thickness and temperature were graphically presented. The results of scientific research allowed us to assert 
that CdTe-based detectors worked relatively correctly only at a heat dose of up to 400 °C. In the ranges of 400-600 °C, 
the defective network of the material actively evolved, preventing destruction. However, a further increase in thermal 
exposure led to complete degradation of the equipment, which did not allow the use of cadmium telluride in extreme 
conditions, even for a short time. 

Discussion and Conclusion. The proposed improved model of physical and chemical transformations in CdTe-based 
devices in heat-affected areas will allow a more selective approach to the use of equipment. In addition, it is necessary to 


improve materials and increase their resistance to extreme temperatures. 
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AnHoTayHa 

Bsegenne. TersoBoe Bo3elicTBue Noxapa Ha TeXHHYeCKHe CpecCTBa — paclipocTpaHeHHad HM cepbe3sHad poOsema. 
B Tov cBAaA3M IIpesCTaBIAeTCA aKTYaIbHOM 3ayauel UccHeqoBaHue PU3HKO-XHMHUYCCKHX HM TeMIOBbIX MpeBpaljeHHii 
B yCTpOlicTBax Ha OCHOBe TeJWIypufa KayMUA IPH TeXHOTeHHBIX WIM MpHpogHEx moxapax. Ilo pay MaTepnasoB 
TMOAOOHbIe HCCIeOBaHHA He TPOBOMIHCb, a HMEeIOUIMeCA pe3yNIbTaTbI HeOCTaTOYHI WIM y3KONpOuJIbHBI. 
B npeyoxKeHHOM cTaTbe MpeACTaBIeHbI HOBbIe AaHHble MO ed:eKTOCTOMKOCTH WM MpHMeHHMOCTH MaTepuasia 
B3aBHCHMOCTH OT TemoBoro Bo3yelicTBua. Lens uccneqoBaHua — w3yueHHe ocoOeHHOCTeH Aerpayauuu moa 
BO3eCHCTBHeM IKCTPeMAJIBHBIX TeEMMepatyp WIA CO31aHHA HOBBIX MATepHasIOB C 3a]JaHHBIMH CBOMCTBaMH. 

Matepuasbl 4 MeToabl. Uccneqoparuch oOpa3ubI TeWIypuaza Kaymusa (CdTe), uctiomb3yemble B COJIHCUHBIX MaHesAx 
MW eTeKTopax. B wpakTH4eckoli uacTH paOoTbI OLeCHHBaJIOCh TelJIOBOe BO3elicTBHe Ha OOpa3zel, OOBIHHEIX 
VW OKCTPeMaJIBHBIX TeMMepaTyp C MOCIeqyIOWIMM W3y4eHHeM MaTepvasia MeTOaMM TIpocBeuMBalolei IIeKTPOHHOM 
MHKPOCKONHH. OKCHePHMeHTbI HMUTHPOBAIM 30HY TeMIOBOTO BO3TelcTBHA ToxKapa. PacueTHo-TeopeTHy4eckan padota 
3aKI0UaIacb B COBepWICHCTBOBaHHH MaTeMaTH4eCKOM MOJeHM PU3HKO-XHMM4eCKHX TpeBpalleHHi HW 9BOJIOWMU 
JespeKTOB Ip TerJIOBOM BosyelicTBHH Wo 1092 °C. MaremaTuyeckad MOJeb YYUTHIBAaIa TeMIOIO3y, XapakTepHyto JIA 
HeylipaBsideMoro ropenna. Jd pelleHua ypaBHeHHi 3aeHcTBOBaJIM NporpaMMubIi nakeT Maple. 

Pe3y1bTaTbI HcceqoBaHHA. Busyanu3supoBaHo dopmMupoBaHue AedeKToB B OOpa3ue CdTe mpu cyujecTBeHHO pa3HBbIx 
ypoBHAx TerIOBOro BO3AelcTBUA. HwKHAA Ppanuya — oKoNo 20 °C, BepxHaa — Oosee 600 °C. JetambHo mpopabotaHsl 
IipeppalljeHHA B KOHTPOJIbHBIX OOpa3yax CdTe npu Bo3szelictBuu TemMepatyppI Wo 1092 °C c marom 15 °C. Toueunpre 
TeekTbl, OOycOBMIeHHbIe BO3eHCTBHeM TeMIIepaTypbl, UpescTaBeHbI Kak (bakTOp pa3pylWieHHA MaTepuasta, 
a culeqOBaTeIbHO, HM cOoeB B paOoTe ycTpoiictBa. PemieHa cucTeMa ypaBHeHHii, KOTOpadt YUHTbIBAaeT KOMIJICKC 
TlapaMeTpoB: YacTOTy KoeOaHHi ATOMOB B pellieTKe, TeMMepaTypy, KOHWeHTpauHu y310B CdTe, Mexoy3eIbHbIx 
aTOMOB HM BaKaHCHi, MUrpallHio HM MpHcoeqMHeHWe Me2KOY3CIbHBIX aTOMOB HM BakaHcnii. [pacduyecku 
IIpeACTaBICHbI KOHI[CHTpalW BaKaHCHi HW M@XKOY3CJIbHBIX aTOMOB B OOpa3ijax CdTe B 3aBHCHMOCTH OT TOJILIMHBbI 
uw Temuepatyphi. Mtorm Hay4Hblx W3bICKaHH MO3BOAIOT YTBep2%KaTb, YTO JeETeKTOPbI Ha OcHOBe CdTe OTHOCHTeIbHO 
KOppeKTHO paOoTatoT TOIBKO Mp TerI0703e Wo 400 °C. B auana3oHax 400-600 °C qedbexTHaad CeTb MaTepHasia AKTHBHO 
3BOJONMOHUpyeT, MpelaTCTByA pa3spylieHuIoO. OWHaKO JalibHeliliee yBeM4YeHHe TeMIOBOTO BO3LeHCTBUA TIPHBOAUT 
K HOJHOM Werpaqauuu oOopyAoBaHHA, YTO He MO3BOJIACT HCMOMb3OBATb TeJIYPUA KaMUA B IKCTPCMAJIbHBIX YCIOBHAX 
Wake HEMpOAOJMKUTeIbHOe BPeMA. 

OGcyxaenMe u 3aKIO4eHHe. [IpeqoxeHHad yCOBepUICHCTBOBaHHad MOJeJIb (PH3HKO-XHMHYeCKHX IIpeBpalleHHit 
B YCTpOlicTBax Ha ocHoBe CdTe B 30HaxX TeIJIOBOTO BO3JCHCTBUA MO3BOUT Oonee M3OuUpaTebHO MOAXOAHTb K BOTIpOcy 
HCIOb30BaHHA OOOpyAoBaHHA. Kpome Toro, HeOOXOAMMO COBepIICHCTBOBaTb MaTepHaJIbI HM MOBbIMATb HX CTOMKOCTB 


K SKCTpeMaJIBHbIM TeMMepatypaM. 
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KsoueBbie c0Ba: TeWIypHy KayMua, copMupoBaHvMe edexToB B oOpa3sne CdTe, KOHIeHTpalHaA y3J10B, 


KOHIUCHTpalna BakaHCcHi, MOKITOY3CJIBHbIC ATOMBI CdTe 


BuaroqapHocTH: aBTOpbl BbIpakKaloT MpPH3HaTeCbHOCTb KOJWIeraM 3 JIa0opaTOpHH HaHOMCHepcHBIX U 
KOMIHO3HI[MOHHBIX MaTepvHasioB DIT BHY «PUL KHL] CO PAH». Kpome toro, OmaroqapuM peyqakKIMOHHy!IO KOMaHyy 


*KYypHaJla HW PCUCH3eHTa 3a KOMIICTCHTHYFO SKCIICpTH3y WH WeHHbIe PCKOMCH alu HO YJTyYaWIeHHtO CTaTbH. 


Aaa watTupopanua. Mo3xepuu A.B., Uaxmma H.H. Tennoycroitunpoctb teslypufa KayMua B MHdpakpacHbix 
WeTeKTOpax Id MOHHTOpHHTa WoxKapHo oOcTaHoBKH. Besonacuocmb mexnozeHHbix u nNpupOOHeix cucmem. 
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Introduction. Cadmium telluride (CdTe) is a binary chemical compound of cadmium (Cd) and tellurium (Te), a 
direct-band semiconductor of the A2Bg group. Due to its high melting point and insolubility, it is one of the most stable 
Cd compounds. CdTe is a strategically important material for creating thin-film solar cells, universal infrared detectors 
and other devices. 

An important issue from the point of view of production practice is the operation of devices and equipment in various 
environmental conditions, their durability and fire and explosion safety!. It is well known that any semiconductor 
compound tends to degrade and change its physicochemical properties. This is due to the processes of defect formation, 
which occur, among other things, due to thermal exposure [1]. It is extremely important to understand these processes for 
the use of materials in extreme conditions while maintaining the specified properties, with minimal risk of fires, accidents 
and other emergencies. 

It should be noted that so far scientific research in this area has not yielded exhaustive results. Studies have not been 
conducted on a number of materials, and the available data are insufficient or narrow-profile. The authors of the presented 
article offer new information concerning the resistance to defects and the applicability of the material experiencing 
thermal effects. The work objective is to study the features of degradation under extreme temperatures to create new 
materials with specified properties. 

Materials and Methods. The operation of the device was studied in the event of extreme events — a natural or man- 
made fire. The objects of the study were three control samples of cadmium telluride. They were removed from the solar 
battery and subjected to constant thermal exposure from 20 °C to 1092 °C. Table 1 presents the general data of the studied 
materials. 


Table 1 


Individual properties and characteristics of cadmium telluride [2—4] 


Chemical formula CdTe 
Density, g/cm? 5.8585 
Melting point, °C 1092 

Solubility in water and other solvents Insoluble 
Crystal structure Cubic, sphalerite (zinc blende) 

Lattice parameter, nm 0.648 

Poisson's ratio, v 0.41 

Shear modulus, GPa 9.2 
Stacking fault energy, MJ/m? 11+1.9 
Fire and explosion safety Incombustible 
Toxicity Toxic, especially dangerous in the aquatic 


' GOST 2.1.004-91. Occupational safety standards system. Fire safety. General requirements. Electronic fund of legal and regulatory documents. URL: 
https://docs.cntd.ru/document/9051953 (accessed: 17.04.2023). 
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Basic experimental study was carried out by transmission electron microscopy on a JEOL JEM-2100 device with 
preliminary sample preparation of samples according to basic techniques [5]. Theoretical work was based on the creation 
of a mathematical model of physical-chemical transformations in devices based on cadmium telluride, taking into account 
the heat transfer that occurs during the development of the uncontrolled combustion process. Systems of equations were 
solved in the Maple software package. 

Results. The experimental part of the work was described in [2, 4]. The data obtained showed that the effect of thermal 
radiation led to the formation and active evolution of a defective network (Fig. 1), represented mainly by growth 
dislocations. In some cases, in the presence of cadmium or other substances in the atmosphere, precipitates appeared with 


the transformation of dislocations into dislocation loops or stacking faults [3, 6—7]. 


100 nm 50 nm 
a) b) 
Fig. 1. Formation of defects in the CdTe sample under thermal exposure: 
a — ~ 20 °C; b — more than 600 °C. Scale in nanometers 


Theoretical part of the study included a detailed study of transformations in CdTe control samples when exposed to 
temperatures up to 1092 °C in increments of 15 °C. With this type of operation of the devices, especially near the melting 
point, the destruction of the material occurred, which was directly related to the formation and development of point 
defects. 

Taking into account the fixation of the temperature mode and previous experimental data, the formation of interstitial 
atoms and vacancies, as well as their clusters in the form of dislocation loops and pores in CdTe, was modeled. The 
effective values of the energy of thermal dissociation of the lattice (E,) and the coefficient of thermal generation of point 
defect pairs (P) allowed us to improve the system of equations for the equilibrium distribution of defects, given in [8—9] 
to the following form: 

Poy + D,-Cy—-R-C, Cy —2A, «C7 =0, (1) 
Pc, +D,-C, —R-C,-C, -2A, -C? =0, 
where P = v-exp (—E,/kT), v — frequency of oscillation of atoms in the lattice, k — the Boltzmann constant, T — 
temperature, co — concentration of CdTe nodes, C; and Cy — effective concentrations of interstitial atoms and 
vacancies, D; and Dy — diffusion coefficient (migration) of interstitial atoms and vacancies, A; and Ay — 
agglomeration coefficient (joining) of interstitial atoms and vacancies, respectively, R — recombination coefficient. 
Numerical values of the indicated values were used for calculations (Table 2). 


Table 2 
Numerical values of the parameters of the cadmium telluride crystal [3, 8-9] 
co Dr Dy Ar Ay R Vv E, P 
cm? cm?s"! cm?s! cm?s"! cm?s! cm?s! st eV cm?s"! 
1.5-107 4.2.10? 8.3-107 7.5-104 1.1-10* 1.7-108 10% 1.4 2.6-107!! 


Solution to system of equations (1) is shown in Fig. 2, 3. As noted above, the upper curve corresponds to 1092 °C, 
the step is 15 °C. 
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Fig. 2. Vacancy concentrations in CdTe samples depending on thickness (z) at different temperatures 
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Fig. 3. Concentrations of interstitial atoms in CdTe samples depending on thickness (z) at different temperatures 

The data obtained allowed us to assert that up to a temperature of 400 °C, point defects (vacancies and voids) affected 
the physicochemical properties weakly, with a linear increase. When the specified boundary increased, nonlinear changes 
were recorded. This could be explained by the reverse effect of defects (countering the destruction of the semiconductor). 
Active degradation was especially noticeable at temperatures above 600 °C. Under the influence of a temperature of 
1000 °C, cadmium telluride began to break down. 

Discussion and Conclusion. The presented study confirmed active physical-chemical transformations in cadmium 
telluride samples at equilibrium thermal exposure up to 1092 °C. The results of solving modified system of equations (1) 
allow us to assert that with increasing temperature, the destruction in cadmium telluride samples increases, and the 
defective network grows. These processes cause equipment failure with this material. 

Devices and equipment based on cadmium telluride show high thermal stability and reliable operation up to 100 °C. 
However, their use is limited and becomes extremely ineffective at high temperatures. In extreme conditions, 


semiconductor materials such as silicon and germanium are more suitable. 
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